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The  study  of replication  of viruses  that require  high  bio-secure  facilities  can  be accomplished  with
less  stringent  containment  using  non-infectious  ‘replicon’  systems.  The  FMDV  replicon  system  (pT7rep)
reported  by  Mclnerney  et  al. (2000)  was modiﬁed  by the  replacement  of  sequences  encoding  chlor-
amphenicol  acetyl-transferase  (CAT)  with  those  encoding  a  functional  L proteinase  (Lpro)  linked  to  a
bi-functional  ﬂuorescent/antibiotic  resistance  fusion  protein  (green  ﬂuorescent  protein/puromycin  resis-
tance, [GFP-PAC]).  Cells  were  transfected  with  replicon-derived  transcript  RNA  and  GFP  ﬂuorescenceMDV
eplicon
luorescence
eplication
quantiﬁed.  Replication  of transcript  RNAs  was  readily  detected  by  ﬂuorescence,  whilst  the  signal  from
replication-incompetent  forms  of  the genome  was  >2-fold  lower.  Surprisingly,  a form  of  the  replicon
lacking  the  Lpro showed  a  signiﬁcantly  stronger  ﬂuorescence  signal,  but  appeared  with  slightly  delayed
kinetics.  Replication  can,  therefore,  be quantiﬁed  simply  by live-cell  imaging  and  image  analyses,  pro-
viding  a rapid  and  facile  alternative  to RT-qPCR  or  CAT  assays.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
Foot-and-mouth disease virus (FMDV: family Picornaviridae,
enus Aphthovirus) causes a highly contagious and economically
evastating disease of cattle and other cloven-hoofed animals.
he genome consists of single-stranded, positive-sense, RNA of
8.5 kb. The genome is covalently linked to the virus-encoded
eptide VPg (3B) at its 5′ terminus and is polyadenylated at its
′ terminus. Naked viral RNA is sufﬁcient to initiate replication
hen introduced into the cytoplasm since it can act directly
s an mRNA. The genome encodes a single open reading frame
ORF) of ∼2300aa. FMDV is unusual amongst picornaviruses in
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that initiation of translation occurs at two  sites giving rise to
two different forms of the N-terminal L proteinase (Labpro and
Lbpro). The full-length translation product (‘polyprotein’) is not
observed, however, due to ‘processing’: a combination of extremely
rapid co-translational (‘primary’) proteolytic cleavages by virus-
encoded proteinases (reviewed by Ryan and Flint, 1997), and,
by a translational recoding mechanism at the 2A/2B site: ‘ribo-
some skipping’ (Ryan et al., 1999; Donnelly et al., 2001). In FMDV
the primary processing products are Lpro (cleaves at its own C-
terminus), [P1-2A], [2BC] and P3 (Fig. 1). The [P1-2A] product
is the precursor for post-translational ‘secondary’ processing by
the 3C/3CD proteinases (3Cpro/3CDpro) generating the structural
proteins 1A-D, whereas 2BC and P3 are precursors for proteins
required for the replication of the viral genome. Host-cell capped
mRNA translation is shut-off since Lpro cleaves the eIF4G compo-
nent of the eIF4F cap-binding protein complex (Devaney et al.,
1988). FMDV translation initiates, however, using an internal ribo-
some entry site (IRES) in the 5′ non-coding region (NCR) in a
cap-independent manner (Belsham and Brangwyn, 1990). Inter-
estingly, virus could not be rescued from BHK-21 cells transfected
with FMDV transcript RNA lacking Lpro, however viruses containing
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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Fig. 1. Replicon constructs. The structure of the FMDV genome is shown together with replicon plasmid constructs. Polyprotein domains are shown as boxed areas, together
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ﬂith  the ‘primary’ processing products L (Lab and Lb forms), [P1-2A], [2BC] an
000) was  modiﬁed to re-insert the L proteinase sequences and the CAT reporter re
eplication incompetent form by deletion of the 3D polymerase (pGFP-PAC-3D). 
imilar to that described by Piccone et al., 1995).
he “spacer” region between the two Lpro initiation codons,
roduced slightly smaller plaques and grew to slightly lower titres
han WT  virus. When tested in mice this virus was only slightly
ttenuated, but more highly attenuated in swine (Piccone et al.,
995; Chinsangaram et al., 1998).
Picornavirus ‘replicon’ genomes can be created by in-frame
eletions within the region encoding the capsid proteins. Such
enomes are replication competent but cannot encapsidate them-
elves. They can, however, be encapsidated by ‘helper’ viruses
roviding capsid proteins in trans. In some picornaviruses, how-
ver, a cis-acting replication RNA structural element (cre) is present
n the region encoding capsid proteins and cannot be deleted
McKnight and Lemon, 1996): in the case of FMDV, the cre has been
apped to a region within the 5′ non-coding region immediately
′ of the IRES of the genome (Mason et al., 2002). FMDV replicon
ystems provide a unique opportunity of studying FMDV replica-
ion outwith high-security disease containment facilities, since (a)
hey cannot form infectious viruses by themselves, and, (b) recom-
ination with circulating FMDV can absolutely be discounted if the
aboratory is situated within a ‘disease (virus) free’ region.
Previously, an FMDV replicon based on the genome of FMDV
ype-O O1/Kaufbeuren/FRG/66 (Forss et al., 1984) was created
ncoding the chloramphenicol acetyl-transferase (CAT) reporter
ene. Most of the coding sequence for Lpro was deleted, along with
apsid proteins 1A and 1B, and just over half of capsid protein
C (pT7rep; Mclnerney et al., 2000; Fig. 1). These deletions did
ot abrogate replicon-derived RNA replication (Mclnerney et al.,
000), an observation consistent with the FMDV cre being located
ithin the 5′NCR and Lpro not being essential for FMDV repli-
ation. This paper describes the construction of a new FMDV
eplicon system encoding the full repertoire of non-structural
roteins which provides a rapid, facile, method of studying repli-
ation, based upon live-cell imaging together with quantitation of
uorescence.[3AB1–3CD]). The original CAT replicon (pT7Rep; Ellard et al., 1999; Mclnerney et al.,
 with a GFP-PAC fusion protein (pGFP-PAC). This plasmid was modiﬁed to create a
ication attenuated form was created by deletion of the L proteinase (pLL-GFP-PAC;
2. Materials and methods
All plasmids in this report were constructed using standard
methods and conﬁrmed by nucleotide sequencing. Restriction
enzymes were purchased from Promega (Southampton, UK) and
New England Biolabs (Hitchin, UK), whilst oligonucleotides were
obtained from IDT Technologies (Leuven, Belgium).
2.1. Construction of GFP-PAC replicon (pGFP-PAC)
For simplicity in the construction, unique restriction sites within
the 5′ non-coding region (NCR) just upstream of the Lab ini-
tiation codon (PsiI) and within capsid protein 1D (SmaI/XmaI)
were used. Sequences encoding Lpro and the ﬁrst 18aa of capsid
protein 1A plus sequences encoding green ﬂuorescent pro-
tein/puromycin resistance fusion protein (GFP-PAC) were initially
assembled as a single ORF in construct pJC3mod (unpublished).
The Lpro/GFP-PAC sequences were ampliﬁed from this con-
struct using primers JN6 (5′-TTATAACCACTGAACACATGAATACAA
CTGACTGTTTT-3′: PsiI  site underlined, Lpro initiation codon in
bold) and JN7 (5′-CCCGGGTGGC ACCGGGCTTGCGGGTCATGCA-
3′: SmaI/XmaI site underlined) and the product ligated into
pGEM-T Easy (Promega) following the manufacturer’s instruc-
tions. The insert was puriﬁed following restriction with PsiI/XmaI
and ligated into pT7Rep, similarly restricted, to create pGFP-PAC
(Fig. 1).
2.2. Construction of a ‘leaderless’ GFP-PAC replicon form
(pLL-GFP-PAC)Sequences encoding green ﬂuorescent protein/puromycin
resistance fusion protein (GFP-PAC) were ampliﬁed as described
above. Primers JN8 (5′-TTATAACCACTGAACACATG GATATC-
GTGTCCAAAGGGGAAG-3′: PsiI  site underlined, GFP initiation codon
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Fig. 2. Cleavage of eIF4G and GFP in cells transfected with replicon RNA. Extracts
were prepared from pGFP-PAC (panels A and C) and pLL-GFP-PAC (panel B) replicon-F. Tulloch et al. / Journal of Vir
n bold) and JN7 (5′-CCCGGGTGGCACCGGGCTTGCGGGTCATGCA-
′: SmaI/XmaI site underlined) and the product ligated into pGEM-T
asy (Promega) following the manufacturer’s instructions. The
nsert was puriﬁed following restriction with PsiI/XmaI and lig-
ted into pT7Rep, similarly restricted, to create pLL-GFP-PAC
Fig. 1).
.3. Replication incompetent (control) replicon form
A replication incompetent (control) form of pGFP-PAC replicon
as created by a large, in-frame, deletion within the region encod-
ng the 3D RNA-dependent RNA polymerase (3Dpol) by restriction
f the replicon with MluI and re-ligation to create pGFP-PAC-3D
Fig. 1).
.4. RNA transcription and cell transfection
Replicon constructs were transcribed in vitro using T7 RNA
olymerase and transcript RNA used to transfect cells. Baby ham-
ter kidney (BHK-21) cells were obtained from the American
ype Culture Collection (ATCC, Teddington, UK) and propagated
n Dulbecco’s modiﬁed eagle medium (DMEM) containing 10%
oetal calf serum at 37 ◦C/5% CO2. Plasmid constructs were
inearised with HpaI, RNA transcripts prepared using T7 RNA
olymerase (Promega) as per the manufacturer’s instructions.
ranscript RNA was analysed by 0.8% agarose gel electrophore-
is and spectrophotometery (NanoDrop 1000 ThermoFisher,
ilmington, USA). RNA (1 g) was transfected into cell monolayers
1 × 105 cells/well: 80–90% conﬂuent) using Lipofectamine-2000
Life Technologies, Paisley, UK), as per the manufacturer’s
nstructions.
.5. Quantitation of GFP ﬂuorescence
Images of transfected cells were captured at intervals between 0
nd 24 h post-transfection using an IncuCyte ZOOM kinetic imag-
ng system (Essen BioScience, Welwyn Garden City, UK) housed
ithin an incubator maintained at 37 ◦C/5% CO2. Images were
aptured from nine regions/well using the 10× objective (data
nalyses) or 4× objective (animation provided in Supplementary
ata). GFP positive cell counts and GFP intensities were measured
sing the IncuCyte image processing software. Values from all nine
egions of each well were pooled and averaged across four repli-
ates (Figs. 3 and 4).
.6. Western blotting
BHK-21 cells were transfected with RNA transcripts from pGFP-
AC or pLL-GFP-PAC, cell extracts prepared at 1, 2, 4, 6, 8, 10 and
4 h post-transfection using RIPA lysis buffer (150 mM NaCl, 50 mM
ris–HCl [pH 7.4], 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS). Sam-
les were resolved by 10% SDS-PAGE, transferred to a nitrocellulose
embrane (Life Technologies) and blocked for 1 h in 5% PBS-T (PBS,
.1% Tween 20, supplemented with 5% non-fat milk). The mem-
rane was probed with rabbit anti-eIF4G (1:1000: kind gift of Lisa
oberts) or mouse anti-tubulin (Invitrogen, 1:2000) overnight at
◦C. The membrane was then washed 3× in PBS-T, then probed
ith peroxidase conjugated anti-rabbit (Invitrogen, 1:2000) or
nti-mouse (Invitrogen, 1:2000) antibodies in 5% PBS-T for 1 h at
oom temperature. Membranes were washed 3× in PBS-T and anti-
ody binding detected using an EZ-ECL HRP chemiluminescence
etection kit Biological Industries, Kibbutz Beit-Haemek, Israel).al Methods 209 (2014) 35–40 37
3. Results
3.1. Construct design
Lpro cleaves at its own  C-terminus: to ensure correct proteoly-
tic processing at this site, the N-terminal 18aa of capsid protein
1A was  included between Lpro and GFP-PAC, with an additional
5aa from ‘linker’ RE sites created between the 1A sequences and
the GFP-PAC fusion protein. To ensure highly efﬁcient processing
(‘ribosome skipping’) by 2A at the 2A/2B site, the C-terminal
40aa of capsid protein 1D were included upstream of 2A (Fig. 1;
Donnelly et al., 2001). Processing by Lpro and 2A produces there-
fore a [1A-GFP-PAC-1D-2A] product. It had previously been
determined that the GFP-PAC fusion protein retained ﬂuorescence
and conferred puromycin resistance (the PAC sequences were
included for later studies on the molecular mechanisms of virus
persistence). This reporter protein allowed live-cell, real-time,
monitoring of replication using cell-imaging and quantitation of
ﬂuorescence.transfected BHK-21 cells at the time points indicated. Extracts were separated by
10% SDS-PAGE, transferred to nitrocellulose membranes, and analysed by western
blotting with anti-eIF4G (panels A and B), anti-GFP (panel C) and anti--tubulin
antibodies (panels A–C). The sequence ﬂanking the Lpro/1A, eIF4G and predicted
GFP Lpro cleavage sites are shown (Panel D).
38 F. Tulloch et al. / Journal of Virological Methods 209 (2014) 35–40
F s from
c  using
f
3
s
L
o
i
i
T
a
t
d
o
F
e
3
G
w
(
f
t
t
w
t
aig. 3. GFP expression in FMDV replicon-transfected BHK-21 cells. Transcript RNA
ell  monolayers, and ﬂuorescent images captured at 2 h intervals over a 24 h period
or  each well at each time point) is shown.
.2. L proteinase activity
The expectation was that a replicon genome could be con-
tructed that would generate a self-replicating mRNA and, since
pro had been restored, eIF4G would be cleaved and the translation
f host-cell mRNA shut-off. To conﬁrm the Lpro that had been re-
nstated was active, western blots were performed to determine
f the major host-cell protein target of Lpro, eIF4G, was cleaved.
he data showed that Lpro was active in the pGFP-PAC construct
nd had degraded eIF4G (Fig. 2, panel A). Transfection of cells with
he leaderless form of the replicon (pLL-GFP-PAC) showed some
egradation of eIF4G (Fig. 2, panel B), but with slower kinetics than
bserved for pGFP-PAC – consistent with the observation that the
MDV 3C proteinase also can degrade this initiation factor (Belsham
t al., 2000).
.3. Quantitation of FMDV replicon-derived GFP ﬂuorescence
RNA replication was quantiﬁed by the indirect measure of
FP ﬂuorescence. Since transcript RNAs may  act as an mRNA, it
as critical to determine the intensity of the ‘signal’ ﬂuorescence
increased translation arising from replication of the input RNA)
rom that of ‘background’ (translation from the input RNA alone in
he absence of replication). An additional factor here is that even in
he case of replication incompetent forms, translation from the IRES
ill be relatively enhanced by the presence of an active Lpro, since
ranslation of host-cell capped mRNA would be shut-off, conferring
n advantage for IRES-driven translation. the pGFP-PAC, pLL-GFP-PAC and pGFP-PAC-3D replicons were transfected into
 the IncuCyte ZOOM imaging system. A representative of the nine images (captured
Although it might be anticipated that a ‘lag’ in the detection of
replicon RNA replication via a GFP signal may  occur in compari-
son to nucleic acid-based detection systems, the detection of RNA
by RT-qPCR, or, in this case indirectly by GFP ﬂuorescence, both
require the synthesis of daughter +ve strands from the −ve strand
template, plus translation. Detection via ﬂuorescence additionally
requires the time taken for the post-translational modiﬁcations
required to generate the GFP ﬂuorophore, although these are rel-
atively rapid. The appearance of the GFP ﬂuorescence signal (∼2 h
post-transfection; Figs. 3 and 4) is directly comparable to detection
of vRNA replication within FMDV-infected cells by strand-speciﬁc
RT-qPCR (Gu et al., 2007; Chang et al., 2009). The ﬂuorescence data
is presented as the green object (cell) count/mm2 (Fig. 4, panel A)
and the integrated (total) intensity of the ﬂuorescence signal (Fig. 4,
panel B).
Although RNA derived from constructs encoding Lpro and bear-
ing deletions within 3Dpol (pGFP-PAC-3D) are unable to replicate,
Lpro is produced as a result of translation of the input RNA. Thus
upon transfection, it was  predicted that host-cell capped mRNA
translation would be reduced and the translation of the replicon
RNA enhanced, since in this case translation is IRES-driven and
not dependent on the presence of intact eIF4G. Consistent with
this prediction, GFP ﬂuorescence was detected on transfection of
RNA derived from pGFP-PAC-3D albeit at a reduced level (∼2-
fold lower at the signal peak) when compared to the replication
competent form (pGFP-PAC; Fig. 4, panels A and B).
Although the number of green cells is similar for the wild-
type and leaderless replicon constructs, the intensity of the
F. Tulloch et al. / Journal of Virologic
Fig. 4. Time course of FMDV replicon-derived GFP ﬂuorescence. Data from mock-
transfected BHK-21 cells are shown (×), together with cells transfected with
transcript RNA derived from the pGFP-PAC replicon (), ‘leaderless’ replicon pLL-
GFP-PAC () and polymerase deletion pGFP-PAC-3D () constructs. At the time
points indicated images were captured and the GFP ﬂuorescence quantiﬁed for
each replicon construct: data shown as the green object count/mm2 (Panel A) or
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phe  integrated GFP ﬂuorescence intensity, ×10 (Panel B). Data points/error bars
hown are derived from three independent transfections, with four replicates for
ach transfection.
uorescence signal is notably higher for the leaderless construct,
lbeit with slightly delayed kinetics in both cases (Figs. 3 and 4).
his was surprising since Lpro shuts-off host-cell cap-dependent
RNA translation and it was expected that deletion of Lpro would
educe translation of virus proteins since the replicon RNA would
ow compete with cellular mRNAs for the translational resources
f the cell. Furthermore, western blotting of replicon transfected
ell extracts with anti-GFP antibodies showed that the [1A-GFP-
AC-1D-2A] processing product was somewhat degraded in cells
ransfected with the pGFP-PAC replicon encoding a functional Lpro
Fig. 2, panel C), but is not degraded in the case of leaderless
orm (data not shown). The estimated molecular mass of the major
egradation product (∼42 kDa; Fig. 2, panel C) suggests a proteinase
leavage site within [1A-GFP-PAC-1D-2A]: examination of the
FP/PAC sequences suggested a potential Lpro cleavage site at a
ysine127–glycine128 pair within GFP, which would produce a cleav-
ge product of 41.6 kDa (corresponding well with the molecular
ass of the observed cleavage product), the site mapping to the
-terminus of -sheet 6 – a surface feature (Ormö et al., 1996).
o potential 3Cpro cleavage sites were detected within GFP, and no
otential Lpro/3Cpro cleavage sites could be detected within PAC. Anal Methods 209 (2014) 35–40 39
alignment of sequences ﬂanking the Lpro/1A, eIF4G cleavage sites
(Strebel and Beck, 1986; Kirchweger et al., 1994) and the predicted
GFP site are shown in Fig. 2, panel D. The cleavage of [1A-GFP-
PAC-1D-2A] by Lpro is much slower than eIF4G, the cleavage
product only appearing at ∼4 h post-transfection, by which time
eIF4G is largely degraded.
These data showed that (i) ﬂuorescence started to decline ∼8 h
after the appearance of the signal (although the half-life of GFP
is ∼24 h), (ii) the analyses of eIF4G degradation showed this pro-
tein began to re-accumulate ∼6 h post-transfection, the cleavage
product disappearing ∼8 h post-transfection and (iii) microscopy
analyses showed a progressive change in the morphology of trans-
fected cells from the typical BHK-21 elongated ﬁbroblastic to
a rounded-off form (Fig. 3) – typical of the cytopathic effects
observed during virus infection: changes which occurred prior
to many cells detaching from the plastic and undergoing necro-
sis. Taken together, these data show that the analyses ∼8–10 h
post-transfection onwards are increasingly those of adherent, non-
transfected, cells.
4. Discussion
The objective of this work was to generate an FMDV replicon
system that could be used outwith high disease secure facilities,
but also to use a replicon genome form that could be readily con-
verted into an infectious copy (deletion of sequences encoding
GFP-PAC and insertion of those encoding capsid proteins) within
an appropriate containment facility. The (indirect) measure of
replication via GFP ﬂuorescence would facilitate screening studies
(mutations/insertions/deletions, virus/host-cell interactions, etc.),
observations which then could then be veriﬁed using virus rescued
from the corresponding infectious copy. The Aquorea GFP reporter
protein used in this study showed degradation by FMDV Lpro. The
potential for the use of such a ﬂuorescent reporter protein was,
however, demonstrated by the much stronger signal obtained from
the replicon form lacking Lpro and experiments to either mutate the
putative Lpro cleavage site within Aquorea GFP to destroy this site,
or, the use of an alternative ﬂuorescent protein that is not degraded
by FMDV Lpro.
In summary, these data showed (i) the ﬂuorescence sig-
nal intensities could very clearly distinguish between the
replicating/non-replicating replicon genomic forms (even with
some degradation of GFP by Lpro), (ii) such a system could be further
developed to measure changes in replicative ﬁtness between wild-
type and attenuated forms, and (iii) live-cell ﬂuorescence imaging
provides a facile method of screening/quantifying FMDV replica-
tion – directly comparable to strand-speciﬁc RT-qPCR.
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